regions, suggesting that they may be pseudogenes or encode secreted products rather than membrane-bound proteins (9, 11, 12) . Recent evidence (13) that activated T cells synthesize a secreted form of Qa-2, in addition to the membranebound form, has added even more confusion to the issue .
Studies by Sherman et al . (14) of Qa-2 + cloned alloreactive BALB .B10 CTL lines, have distinguished two membrane-bound forms of 36,500 mol wt and 38,500 mol wt . Some CTL clones express only the smaller or larger form, while others express both forms of Qa-2 protein . We wanted to identify which Qa region gene is expressed by one of these CTL clones (2 .1 .1) that synthesizes the smaller form . We screened a 2 .1 .1 cDNA library with a class I gene probe, but 
Materials and Methods
Probes. A broadly reactive class I gene probe was prepared by nick translation of the 3' Bam HI fragment of the H-2K' gene (15) . Oligonucleotide probes were synthesized at Biogen Research Corp . on a 380A DNA synthesizer (Applied Biosystems, Inc ., Foster City, CA) and purified by PAGE. The oligonucleotides were end-labeled with .y-["P]ATP (7,000 Ci/mmol ; New England Nuclear, Boston, MA) and polynucleotide kinase (New England Biolabs, Beverly, MA), and were purified by chromatography on Sephadex G50 . Southern Analysis. Southern blots and hybridizations were performed as described by Cate et al . (16) , using Gene Screen nylon 66 membranes (New England Nuclear) . Oligonucleotide probes were washed at low stringency in plaque screen buffer (PSB) at 45°C, and at high stringency in 3 .2 M tetramethylammonium chloride (TMACL) containing 1% SDS, according to Cate et al . (16) and Wood et al . (17) .
DNA Sequencing. The Q7 b cDNA clone 69-2C2 was sequenced using the method of Church and Gilbert (18) , as modified by R . Tizard and H . Nick (unpublished methods) and Cate et al . (16) . Based on the Q7b genomic sequence (11) , clone 69-2C2 DNA was cut to completion at various restriction enzyme sites, subjected to base-specific chemical cleavages (19) (20) (21) To express the Q7b cDNA, the 1 .4-kb Eco RI insert of clone 69-2C2 was subcloned into the vector pBG312 (16) . A 2 .4-kb Bam HI fragment, composed of the Q7 b cDNA linked to a 900 by 3' cassette containing the SV40 splice and polyadenylation signals, was removed from the pBG312 construct and subcloned into pTCFMo, a vector generated from Db Mo by removing the H-2D' gene . Constructions were made using standard techniques (24) , and are illustrated in Fig . 1 . Transfection of DNAs and Cell Culture . L cells were transfected by calcium phosphate coprecipitation (25) , as performed previously in our lab (26) . R1 .1 cells were transfected by electroporation (27) as described previously (23) . Transfected cells were selected and grown in medium containing 10% FCS and 1 mg/ml G418 Sulfate (Gibco Laboratories, Grand Island, NY) . Growth medium was DME for L cells, and RPMI 1640 for R1 .1 cells .
Radioimmunoassay of Transfectants. G418-resistant clones were assayed for expression of surface protein by binding of mAbs D3 .262 (28), 20-8-4 (29, 30) , and B22 .249 (31) . 125 1-labeled F(ab') 2 fragments of sheep anti-mouse Ig (New England Nuclear) were used to detect bound antibodies .
Extraction of RNA and Northern Analysis . Total RNAs were extracted from cultured cells using the lithium chloride method of Auffray and Rougeon (32) , as modified by J . Bertonis and W . Schleuning (unpublished results) . RNAs were denatured and electrophoresed through formaldehyde/1% agarose gels (20 Ag/lane), transferred to nylon membranes, and hybridized to s2 P-labeled oligonucleotides, as described by Cate et al . (16) . Low stringency washes were in PSB at 45'C. After autoradiography, the membrane was washed to high stringency in TMACL at a temperature that would melt off the probe if it contained more than one basepair mismatch (17) .
At low stringency, this probe reacts with nearly every class 1 sequence. I Not tested against genomic cosmid clones since these probes recognize spliced exons.
Results
Isolation of a Full-Length Q7b cDNA from CTL Clone 2.1.1 . As described previously (14) , the cloned alloreactive BALB.B10 CTL line 2.1 .1 (H-2 b haplotype) expresses only a 36,500 mol wt form of Qa-2 protein on its cell surface. To determine which Qa region gene(s) is expressed by these cells, we screened a bacteriophage agt 10 library (a generous gift of E. Riley and H. N . Eisen, Massachusetts Institute of Technology, Cambridge, MA) prepared from CTL clone 2.1 .1 cytoplasmic mRNA using a nick-translated probe derived from the 3' Bam HI fragment of the H-2Kb gene . This probe contains exon 4, which encodes the conserved a3 protein domain, and therefore hybridizes to all known class I genes. A total of 42 cDNA clones were isolated .
DNAs from these clones were spotted onto nylon membranes, UV-crosslinked, and analyzed using a panel of synthetic oligonucleotide probes (Table 1) , and QIO' (11, 12, 15, 33) , and was tested by hybridization at low and high stringencies to Southern blots of cosmid clones representing all 26 class I genes. Of the 42 cDNA clones analyzed by this method, six were identified as H-2Kb, five were H-2Db, and four were Q7b. The identity of the remaining 27 clones has not yet been established; however, none of these hybridized to probes that would detect any other Qa region gene.
Of the four clones identified as Q7b, clone 69-2C2 contained the largest insert (1 .4 kb), and was sequenced. Because the genomic sequence of Q7b had been determined previously (11), we prepared oligomers that hybridize adjacent to 
FIGURE 2. Nucleotide sequence and translation of Q7°cDNA clone 69-2C2 . The first nucleotide of each exon is indicated by an asterisk followed by the number of the exon . UT refers to the 3' untranslated region . The amino acid translation is shown above the dashed number line . Positions of the two potential asparagine-linked glycosylation sites are overlined.
various restriction enzyme sites present in Q7b exons, and used Church-Gilbert sequencing (18) to show that clone 69-2C2 is in fact Q7b cDNA. The sequence of 69-2C2 is shown in Fig. 2 , with the exon boundaries indicated. This clone begins 13 nucleotides upstream of the initiation codon of exon 1, and the reading frame ends at a termination codon in exon 5 (the transmembrane region). The
remainder of the 3' untranslated region is composed of sequences derived from the splicing of exon 6 to an exon 8 containing only five nucleotides. Hybridization experiments using D79, an oligomer complementary to the exon 6/exon 8 splice junction (see Table I ), indicate that the three other Q7b cDNA clones isolated from the CTL 2.1 .1 library are spliced similarly. This pattern is expected since the exon 7 splice acceptor signal of Q7b appears to be defective (11) . The polypeptide predicted from this Q7b cDNA is shown above the nucleotide sequence in Fig. 2 . The primary translation product is 334 amino acids, and the molecular weight of the unglycosylated mature polypeptide is predicted to be 35,600 . Based on the amino acid sequence of other class I cell-surface proteins (reviewed in reference 34), the NH2-terminus is predicted to be glycine at position 22, and the mature Q7b polypeptide to be 313 amino acids in length . Potential asparagine-linked glycosylation sites are present at amino acid positions 107 (a l) and 277 (a3) .
Expression of the Q7b cDNA. The Q7b cDNA insert was subcloned into the expression vector pTCFMo, as described in Materials and Methods. This vector has been used previously in our laboratory to obtain stable transfectants expressing high levels of class I mRNA in L cells and R 1 .1 cells (23) . When R 1 .1 cells transfected with the Q7b cDNAMo construct (see Fig. 1 ) were screened with the anti-Qa-2 mAb D3.262 and the Qa-2-crossreactive mAb 20-8-4, we detected high levels of Qa-2 on the cell surface (see Table I1 ). When L cells transfected with this construct were screened using the same antibodies, surprisingly, we found that they also expressed significant but lower levels of Qa-2 on their surface (see Table II ). The clones shown in Table II were selected for maximum binding of the anti-Qa-2 mAbs ; however, these clones are representative of the uncloned G418-resistant populations (data not shown).
We have shown that the Q7b cDNA derived from CTL clone 2.1 .1 can encode the Qa-2 antigen, and for the first time, have shown that a Qa-2 molecule, encoded entirely by sequences from a Qa-region gene, can be expressed on the surface of L cells. Since previous attempts by us (see below) and others (6-8) to express Qa-2 antigens on the surface of L cells using Qa genomic clones have been unsuccessful, it appears that the use of a cDNA spliced by T cells may account for this difference . However, since the level of expression on L cells is lower than that on R 1 .1 cells, it is possible that other factors, such as posttranslational modification, also may be responsible for the tissue-specific expression of Qa-2 .
Expression of the Q7b Genomic Gene. R 1 .1 and L cells were transfected with the Q7bpTCF construct containing the entire Q7b gene and endogenous regulatory sequences, or the Q7bMo construct containing the Q7b gene with a hybrid exon I and the M-MuLV LTR, a strong enhancer and promoter (see Fig. 1 ). Both constructs expressed high levels of Qa-2 antigen on the surface of RI .I cells (see Table II ), as determined by antibody-binding studies using mAb D3 .262 and mAb 20-8-4 . Neither of these constructs, however, expressed detectable Qa-2 on the surface of L cells (Table II) . Thus, the tissue-specific expression of cellsurface Qa-2 is not overcome by use of the M-MuLV LTR.
Expression of the Hybrid Genes. Exon-shuffling experiments by Stroynowski (7) and Straus (8) and their coworkers showed that hybrid BALB/c genes, TABLE 11 Binding of Specific Antibodies to R1 .1 and L Cell Transfectants These BALB/c hybrid genes were constructed by exchanging fragments 5' and 3' of a Barn HI site in the third intron . This intron contains B1 and B2 repeats that differ between H-2 genes and Qa genes (35) . The B2 repeats, which may be developmentally regulated (36) , are found 3' of the Bam HI site of Qa genes but not H-2 genes. Thus, to exclude the possible effects of these repeats on cell-surface expression, we constructed hybrid genes from Q7 b and H-2Db using a conserved Stu I site in exon 4 (see Fig . 1 ). This enabled us to leave intron 3 intact, and to assay the expression of hybrid polypeptides that differ in their external domains from the parent molecules by only five amino acids . This difference is localized to the COOH-terminal half of the a3 domain.
The Q7b/DbMo and Db/Q7bMo hybrid constructs were transfected into R1 .1 and L cells and assayed by antibody binding. As shown in Table II , the Q7b/Db hybrid is expressed on the surface of both cell types, while Db/Q7b is expressed only on the surface of R 1 .1 cells. Our ability to express cell-surface Qa-2 from an intact Q7b gene in R Table II ). The blot was probed with the Q7 bspecific oligonucleotide D124 (see Table I ). Washing conditions were at 51°C in 3. Northern Analysis of Transfected Cells. It was possible that the failure of L cells transfected with the Q7b genomic constructs to express Qa-2 on their surface might correlate with quantitative or qualitative differences in mRNA levels . We therefore extracted total RNA from R1 .1 and L cell transfectants, and performed Northern analysis using specific oligonucleotide probes . Clones of all R1 .1 transfectants, and of L cells transfected with Q7b cDNAMo, were selected on the basis of high levels of antibody binding. For L cells transfected with Q7b genomic constructs that failed to express Qa-2 on their surface, RNAs from six independent G418-resistant clones were examined for each construct. These L cell clones all produced similar species of Q7b mRNA, and those producing the highest levels are presented in Fig. 3 . Fig. 3 shows a Northern blot of RNAs from selected clones probed with the 3 'P-labeled oligomer D124 (see Table I ). As expected, D124 hybridizes only to RNA from cells transfected with Q7b constructs, but not to RNA from the DbMo transfectants (panel 1) or the untransfected R1 .1 and L cells (panel 5). From cells transfected with Q7bMo (panel 2), D124 detects an abundant 1 .2-kb mRNA species (double arrow), in addition to a less abundant 1 .5-kb species (single arrow) that is expected from the splicing pattern of Q7b cDNA (Fig. 2) . Another band of 1 .7-kb is partially obscured by the saturation of RNA binding sites on the membrane by 18S ribosomal RNA. Although the sizes and quantity of Q7b-specific RNA appear to be similar in both Q7bMo transfectants, only the R1 .1 transfectant expresses detectable levels of cell-surface Qa-2 antigen (Table 1I) . L cells transfected with Q7bpTCF (lanes 4L and 7) predominantly transcribe a 1 .2-kb mRNA, and possibly another species of^-1 .0 kb. The 1 .2-kb species is found at very low levels in the R 1 .1 transfectant (Fig. 3, lane 4R) , and is barely visible on the autoradiogram . In spite of this quantitative difference, the R 1 .1 transfectant, but not the L cell transfectant, expresses cell-surface Qa-2 (Table II) .
Analysis of the 1 .2-kb species by SP6 RNAse protection experiments, and by hybridization to oligonucleotide probes spanning exon junctions, has revealed that this mRNA is unusually spliced for a class I gene transcript (37) . This novel mRNA is formed from the joining of exon 3 to exon 6, so that exons 4 and 5 are spliced out. The missing exons respectively encode the a3 domain, which binds 02m, and the transmembrane region, which anchors the protein in the membrane . Using the D80 oligonucleotide that recognizes the exon 3/exon 6 junction, further analysis of the three other Q7b cDNA clones isolated from the 2.1 .1 library revealed that they are shorter than clone 69-2C2 because they are spliced this way, and not because they are truncated (data not shown) . 
Discussion
We have isolated four Q7b cDNA clones from a library prepared from CTL clone 2.1 .1, which expresses cell-surface Qa-2 antigen (14) . The four cDNA clones were identified unambiguously as Q7 b, using a panel of gene-specific oligonucleotide probes . It appears that the Qa-2 protein expressed by CTL clone 2.1 .1 is the product of the Q7b gene based on the following lines of evidence . First, no other Qa region clones were found, even though >100,000 plaques were screened with a class I gene probe, and the 42 clones isolated with this probe were rescreened with oligonucleotides capable of detecting all other Qa region genes known for the b haplotype. Second, transfection of Q7b genomic constructs resulted in the tissue-specific expression of high levels of Qa-2 antigen on the surface of R 1 .1 thymoma cells, but not on L cells. Third, transfection of one of the four Q7b cDNAs resulted in the expression of cell-surface Qa-2 on both R 1 .1 and L cells.
The most abundant species of Q7b mRNA present in cells transfected with Q7b genomic constructs is the alternately spliced form identified by Fahrner et al. (37) . The alternate form has spliced out exon 4, which encodes the a3 domain that binds 02m, and exon 5, which encodes the transmembrane region that anchors the protein in the membrane . The three other Q7b cDNA clones isolated from the CTL 2.1 .1 library are spliced this way, while only Q7b cDNA clone 69-2C2 is spliced normally . Since the Qa-2 protein of CTL 2.1 .1 can be immunoprecipitated by antibodies to #2m (14) , and because it is believed (but not proven) that a3 is required for binding 02m, it seems likely that the normal mRNA gives rise to cell-surface Qa-2 . However, the inability to obtain higher levels of Qa-2 expression from the normal cDNA construct in L cells, compared to R 1 .1 cells, suggests that a number of posttranscriptional factors may be involved in the tissue-specific expression of Q7°.
The ability to express significant levels of Qa-2 on L cells transfected with a Q7b cDNA derived from T cells, favors the notion that the tissue-specific expression of cell-surface Qa-2 may be regulated at the level of RNA processing . Also, Northern analysis of R1 .1 and L cells containing the Q7bcDNAMo construct reveals differential RNA processing . In contrast, analysis of R1 .1 and L cells transfected with the Q7bMo genomic construct reveals no obvious differences. We cannot exclude the presence of minor RNA species, however, or differences in polyadenylation or RNA secondary structure that might affect the efficiency of translation . Clearly, the total amount of Q7'-specific mRNA in each transfectant does not correlate with the level of Qa-2 antigen expressed on the cell surface.
By using hybrids between Q7b and H-2D' genes, we have extended observations made by others (7, 8) that the element responsible for tissue-specific expression of cell-surface Qa-2 maps to the 3' part of Q7b. Since the constructs used in our study differ in well-defined regions of these genes, some conclusions can be drawn about possible mechanisms, other than RNA processing, that might regulate their expression . At the protein level, the Q7b/Db hybrid expressed on L cells differs in the a3 domain from the nonexpressed D'/Q7b by only five amino acids. A comparison with amino acid sequences of 0 domains of other class I proteins (34) reveals no obvious reason why these five residues should affect cell-surface expression . Although the cytoplasmic tail of the Db/Q7b polypeptide is truncated due to the premature termination codon in Q7b exon 5, the cell-surface expression of Q7b on R1 .1 cells is not blocked. Also, experiments by Zuniga and Hood (38) have shown that mutant Ld molecules having truncated COOH-termini, even those lacking a cytoplasmic tail, can be expressed on the surface of L cells, although at a lower level than wild type . A major difference between Q7b and other class I proteins is the presence of a negatively charged aspartate residue in the middle of the Q7b transmembrane region, which may require a positively charged sidegroup of some accessory protein to be stabilized in the membrane . R 1 .1 cells may have such a protein, while L cells may not. For example, a salt bridge between the transmembrane aspartate of the T3 protein and lysines of the T cell receptor a and 0 chains is believed to play a role in the required coexpression of these molecules (discussed in references 39-41) .
In conclusion, our results suggest that the tissue-specific expression of Qa-2 may involve a combination of posttranscriptional factors at the level of both RNA and protein. Current experiments in our laboratory are directed at understanding the basis for our observations . 
